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Abstract

Radiotherapy is an effective tool in the treatment of malignant brain tumors, but irradiation-induced late-onset toxicity
remains a major problem. The purpose of this study was to investigate if genetic inhibition of autophagy has an impact
on subcortical white matter development in the juvenile mouse brain after irradiation. Ten-day-old selective neural Azg7
knockout (KO) mice and wild-type (WT) littermates were subjected to a single 6-Gy dose of whole-brain irradiation and
evaluated at 5 days after irradiation. Neural Azg7 deficiency partially prevented myelin disruption compared to the WT mice
after irradiation, as indicated by myelin basic protein staining. Irradiation induced oligodendrocyte progenitor cell loss in
the subcortical white matter, and Arg7 deficiency partly prevented this. There was no significant change between the KO and
WT mice in the number of microglia and astrocytes in the subcortical white matter after irradiation. Transcriptome analysis
showed that the GO mitochondrial gene expression pathway was significantly enriched in the differentially expressed genes
between the KO and WT group after irradiation. Compared with WT mice, expression of the mitochondrial fusion protein
OPA1 and phosphorylation of the mitochondrial fission protein DRP1 (P-DRP1) were dramatically decreased in KO mice
under physiological conditions. The protein levels of OPAland P-DRP1 showed no differences in WT mice between the
non-irradiated group and the irradiated group but had remarkably increased levels in the KO mice after irradiation. These
results indicate that inhibition of autophagy reduces irradiation-induced subcortical white matter injury not by reducing
inflammation, but by increasing mitochondrial fusion and inhibiting mitochondrial fission.
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PDGFRa Platelet derived growth factor receptor o
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BBB Blood-brain barrier

Background

Radiotherapy is an effective method for the treatment of
malignant brain tumors in children; however, although the
tumor cells are killed, such treatments can also damage nor-
mal brain tissue [1]. The developing brain in young children
is much more sensitive to radiotherapy compared to the adult
brain, and it is more prone to long-term complications such
as cognitive impairment, endocrine hormone disorders, and
secondary malignant tumors, which severely reduces the
long-term quality of life in childhood survivors of malignant
brain tumors [2—4]. Irradiation-induced brain injury consists
of a series of pathophysiological changes that take place
after neural cells and intracranial blood vessels are injured
by radiotherapy. Studies have found that even when low-to-
medium-dose irradiation is administered, more than 30%
of children have delayed mental or behavioral development
[5]. Therefore, the prevention of neural cell death induced
by radiotherapy and its long-term complications is an urgent
clinical issue.

Autophagy is essential for survival, differentiation, devel-
opment, and homeostasis by removing damaged and harmful
components in cells. However, the inappropriate activation
of autophagy is involved in cell death in the immature brain
and is associated with childhood neurological disorders [6].
A recent study showed that autophagy inhibitors could sig-
nificantly alleviate the radiation-induced cerebral capillary
damage and prolong the survival time in zebrafish larvae
[7]. Another study found that radiation exposure led to the
activation of autophagy in rat hippocampal neurons, and
excessive activation of autophagy might damage synaptic
plasticity by mediating synaptic vesicle degradation [8].
These studies provide evidence that excessive autophagy
leads to capillary or synapse damage after irradiation, and
autophagy inhibition might be a therapeutic target for irra-
diation-induced white matter injury. In our previous study,
we showed that selective inhibition of autophagy in neural
cells reduces irradiation-induced oligodendrocyte progenitor
cell (OPC) loss [9]. However, how deficiency in autophagy
prevents white matter injury after irradiation is still not clear,
and further research is needed.

The aim of this study was to investigate how the genetic
inhibition of autophagy in the juvenile mouse brain impacts
irradiation-induced subcortical white matter injury. We
found that selective neural autophagy inhibition reduced
irradiation-induced subcortical white matter injury not by
reducing inflammation, but by increasing mitochondrial
fusion and inhibiting mitochondrial fission.
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Materials
Animals and Ethical Permission

Floxed Atg7 mice were characterized as previously described
[6, 9] and were crossed with a nestin-Cre-driven line to
produce Arg7loxfiox; Nes=Cre ynockout (Arg7 KO) and Arg-
o Nes=Cre pice (WT). All of the mice were housed in a
temperature-controlled and pathogen-free environment with
a 12:12-h light—dark cycle. The genotyping of the pups was
as described previously [6]. All experiments were approved
by the animal research ethics committee (Gothenburg Com-
mittee of the Swedish Agricultural Agency) in accordance
with national animal welfare legislation (2200-19).

Irradiation Procedure

Postnatal day 10 (P10) Azg7 KO and WT littermate pups of
both sexes were anesthetized with a 50 mg/kg intraperito-
neal injection of tribromoethanol (Avertin, Sigma-Aldrich,
Stockholm, Sweden) and placed in a prone position (head to
gantry) on a Styrofoam bed. The irradiation of the animals
was performed using a linear accelerator (Varian Clinac
600CD; Radiation Oncology System LLC, San Diego, CA,
USA) with 4 MV nominal photon energy and a dose rate of
2.3 Gy/min. The whole brain was irradiated with a single
dose of 6 Gy to each mouse. The source-to-skin distance was
approximately 99.5 cm. The head was covered with a 1-cm
tissue-equivalent bolus material to obtain an even irradiation
dose throughout the underlying tissue. After irradiation, the
pups were returned to their dams and sacrificed at 5 days
after irradiation. The sham-irradiated controls were anes-
thetized but not irradiated. We detected p62, which is used
as a reporter of autophagy activity, by western blot in both
irradiated and non-irradiated mouse brains at 5 days after
irradiation. The results showed the p62 level was reduced
by 41% at 5 days after irradiation; however, Atg7 increased
by 36% at 5 days after irradiation, indicating that autophagy
activity was elevated at this time point (Fig. S1).

Immunohistochemistry Staining

The mouse pups were deeply anesthetized with 50 mg/
ml phenobarbital and perfused intracardially with phos-
phate buffered saline (PBS) and 5% buffered formaldehyde
(Histofix; Histolab, Gothenburg, Sweden) at 5 days after
irradiation, and their brains were removed and fixed in 5%
buffered formaldehyde at 4 °C for 24 h. After dehydration
with graded ethanol and xylene, the brains were paraffin-
embedded and cut into 5-pm sagittal sections. Every 50th
section from one hemisphere was deparaffinized in xylene
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and rehydrated in graded ethanol concentrations and stained
for myelin basic protein (MBP), platelet derived growth fac-
tor receptor o (PDGFRa), ionized calcium-binding adap-
tor molecule 1 (Iba-1), and glial fibrillary acidic protein
(GFAP). Antigen retrieval was performed by heating the
sections in 10 mM boiling sodium citrate buffer (pH 6.0)
for 10 min. Nonspecific binding was blocked for 30 min
with 4% donkey or goat serum in PBS for 30 min. The pri-
mary antibodies were mouse anti-MBP (1:1,000 dilution,
BioLegend, SMI 94, 836,504), rabbit anti-PDGFRa (1:400
dilution, Cell Signaling, 3164), rabbit anti-Iba-1 (1:200 dilu-
tion, Wako Pure Chemical Industries, Ltd, 019-19,741), and
mouse anti-GFAP (1:250 dilution, Cell Signaling, 3670).
After incubating the sections with the primary antibodies
overnight at 4 °C, the appropriate biotinylated secondary
antibodies (1:200 dilution; all from Vector Laboratories,
Burlingame, CA, USA) were added and incubated for 60 min
at room temperature. After blocking endogenous peroxidase
activity with 3% H,0, for 10 min, the sections were visual-
ized with Vectastain ABC Elite (Vector Laboratories) and
0.5 mg/mL 3,3’-diaminobenzidine enhanced with ammo-
nium nickel sulfate, beta-D glucose, ammonium chloride,
and beta-glucose oxidase. After dehydrating with graded
ethanol and xylene, the sections were mounted using Vec-
tor mounting medium.

Cell Quantification in Mice

Iba-1, PDGFRa, and GFAP-positive cells were counted
in the subcortical white matter under a stereo microscope
(MicroBrightField, Magdeburg, Germany). The counting
area in the subcortical white matter was traced, and the
number of cells was expressed as cells/mm? [9, 10]. The
counting was performed by a person who did not have prior
knowledge of the groups. Three sections were counted with
an interval of 250 pm between sections.

White Matter Injury Evaluation and Volume
Measurement

Four sections of each sample were used to measure the
MBP-positive area using Micro Image (Olympus, Japan).
The subcortical MBP-positive white matter volume (mm?)
was calculated as previously described [11] using the fol-
lowing formula: V=SA X pXT, where V is the total volume,
SA is the sum of the areas measured, p is the inverse of the
section sampling fraction, and T is the section thickness. To
analyze cortical myelination as an indication of myelinated
axons, the length of myelinated fibers within the cortex was
measured between the end of the myelinated axons and the
cortical plate at fixed levels using the ImagelJ software [11].
The immunodensity of MBP-positive staining in the myeli-
nated axons was determined using the Image J software and

manually setting the threshold to include the MBP-stained
area followed by measuring the proportion of the field that
was positive for MBP staining in the subcortical white mat-
ter. The MBP immunodensity was determined by measuring
the integrated density and normalizing it to the WT non-
irradiated group [9, 11].

RNA Isolation, cDNA Synthesis, and RNA Sequencing

Samples of subcortical white matter from WT and KO mice
after irradiation at 5 days and from the non-irradiated group
were prepared for RNA isolation and RNA sequencing.
Total RNA was isolated using the RNeasy mini kit (Qiagen,
74,104) according to the manufacturer’s instructions. The
concentration and purity of all RNA samples were deter-
mined using a Nanodrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA). The integrity of RNA
was measured using the Experion RNA StdSens analysis kit
(Bio-Rad, 7,007,103) on an Automated Electrophoresis Sta-
tion (Bio-Rad, Hercules, CA, USA). One microgram of total
RNA was reverse transcribed using the QuantiTect Reverse
Transcription kit (Qiagen, 205,311).

RNA was sent for sequencing to Novogene, UK. In brief,
quality control of sample purity and integrity was performed
using a Nanodrop and Agilent 2100. And the libraries were
sequenced on an Illumina NovaSeq platform to generate 150
bp paired-end reads, according to the manufacturer’s instruc-
tions. Mapping to the reference genome was performed using
HISAT?2 software and quantification was performed using
FeatureCounts software [12]. The DESeq method was used
to screen for differences between the two groups according
to the criterion of adjusted p <0.05. Principal component
analysis (PCA) was performed to identify the variability and
repeatability of the samples, and a volcano plot was used to
visualize the overall distribution of differentially expressed
genes using ggplot2 in the R package (version 3.3.3). Gene
ontology (GO) term classification and Gene Set Enrichment
Analysis (GSEA) analysis were performed using the cluster
Profiler R package [13] and MITOCARTA 3.0 (https://www.
broadinstitute.org/mitocarta/mitocarta30-inventory-mamma
lian-mitochondrial-proteins-and-pathways) as the reference
genome for mitochondria-related genes.

Quantitative Real-Time PCR

Quantitative real-time PCR (qRT-PCR) was performed
using a LightCycler 480 instrument (Roche Diagnostics,
Germany) and the SYBR Green technique according to the
manufacturer’s instructions. The primers used in the qRT-
PCR reactions were designed by Beacon Designer software
(free trial, PREMIER Biosoft) and included the oligodendro-
cyte and myelin-related genes Olig2 (sense: 5’-CGG TGG
CTT CAA GTC ATC-3’, antisense: 5’-GTC ATC TGC TTC
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TTG TCT TTC T-3’), Cldnll (sense: 5’-TGG CAT CAT
CGT CAC AAC-3’, antisense: 5’-AGC CCA GTT CGT
CCA TTT-3’), CNP (sense: 5’-TCT ACT TTG GCT GGT
TCC T-3’, antisense: 5’-CTT CTC CTT GGG TTC ATC
TC-3’), and MBP (sense: 5’-CCT CAC AGC GAT CCA
AGT-3’, antisense: 5’-CAA GGA TGC CCG TGT CTC-
3’); the microglia-related gene CX3CRI (sense: 5’-GTC
TGG TGG GAA ATC TGT TG-3’; antisense: 5’-GGC
TGA TGA GGT AGT GAG T-3’); and the astrocyte-related
genes GFAP (sense: 5’-GAG GTG GAG AGG GAC AAC-
3’, antisense: 5’-TCT ATA CGC AGC CAG GTT-3’) and
Vimentin (sense: 5’-TTC AAG ACT CGG TGG ACT-3,
antisense: 5’-GCA GTT CTA CCT TCT CGT T-3). The
mitochondrial fusion and fission-related genes included
Opal (sense: 5’-CCT GTG AAG TCT GCC AAT-3’, anti-
sense: 5’-TTA GAG AAG AGA ACT GCT GAA AT-3’),
Drpl (sense: 5’-TGC TCA GTA TCA GTC TCT TC-3’,
antisense: 5’-GGT TCC TTC AAT CGT GTT AC-3’), and
Fisl (sense: 5’-ATG AAG AAA GAT GGA CTG GTA G-3’,
antisense: 5’-GGA TTT GGA CTT GGA GAC A-3’). The
reference genes were Sdha (sense: 5’-TTG CCT TGC CAG
GAC TTA-3’, antisense: 5’-CAC CTT GAC TGT TGA GAA
T-3") and B2m (sense: 5’-CCG AAC ATA CTG AAC TGC
TA-3’, antisense: 5’-AGG ACA TAT CTG ACA TCT CTA
CTT-3’). The relative mRNA expression levels were cal-
culated by the method of geometric averaging of multiple
internal control genes.

Multiplex Cytokine/Chemokine Assay

Cytokines and chemokines were measured in subcortical
white matter homogenate supernatant fractions at 5 days
after irradiation. Protein concentrations were measured
with the BCA protein assay (Sigma, A2058) using samples
prepared according to the manufacturer’s protocol. Levels
of interleukin (IL)-1p, IL-2, IL-4, IL-6, IL-10, and keratino-
cyte-derived chemokine (KC) were measured simultane-
ously using the Luminex Multiplex Cytokine Assay (Merck
Chemicals and Life Science AB). The results were normal-
ized to the total amount of protein in the sample.

Immunoblotting

Protein concentration was determined using the bicin-
choninic acid method. Subcortical white matter homogen-
ate samples (65 pl) were mixed with 25 ul NuPAGE LDS
4 x sample buffer (Thermo Fisher Scientific, NPO007) and
10 pl reducing agent (ThermoFisher Scientific, NP0004) and
heated at 70 °C for 10 min. Samples were run on 4-12%
NuPAGE Bis—Tris gels (Invitrogen) and transferred to rein-
forced nitrocellulose membranes (Bio-Rad). After blocking
with 5% fat-free milk in TBST buffer (20 mM Tris, 150 mM
NaCl, and 0.1% Tween 20, pH 7.6) for 60 min at room
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temperature, the membranes were incubated with the fol-
lowing primary antibodies: mouse anti-OPA1 (1:1000 dilu-
tion, mouse monoclonal antibody, 612,606, BD Bioscience),
mouse anti-DRP1 (1:500 dilution, mouse monoclonal anti-
body, sc-271583, Santa Cruz Biotechnology), rabbit anti-
phospho-DRP1 (Ser637) (1:1000 dilution, rabbit polyclonal
antibody, 48678, Cell Signaling), rabbit anti-FIS1 (FL-152)
(1:500 dilution, rabbit polyclonal antibody, sc-98900, Santa
Cruz Biotechnology), mouse anti-PINK1 (38CT20.8.5)
(1:500 dilution, mouse monoclonal antibody, sc-517353,
Santa Cruz Biotechnology), rabbit anti-Atg7 (1:500 dilu-
tion, rabbit polyclonal antibody, ab223380, Abcam), rab-
bit anti-Sequestosome 1 (SQSTM1/p62) (1:1000 dilution,
rabbit monoclonal antibody, Cell Signaling Technology,
23,214), mouse anti-Total OXPHOS Rodent western blot
antibody (1:250 dilution, Abcam, ab110413), mouse anti-
VDACI (1:500 dilution, Santa Cruz, sc-390996), or rab-
bit anti-Actin (1:200 dilution, rabbit polyclonal antibody,
A2066, Sigma) overnight. After washing, the membranes
were incubated with peroxidase-labeled goat anti-rabbit IgG
antibody (1:2000 dilution, Vector, PI-1000) or peroxidase-
labeled horse anti-mouse IgG antibody (1:4000 dilution,
Vector, PI-2000). Immunoreactive species were visualized
using the SuperSignal West Pico PLUS Chemiluminescent
Substrate (ThermoFisher Scientific, 34,580) and an LAS
3000 cooled CCD camera (Fujifilm, Japan).

Statistical Analysis

The Statistical Package for the Social Sciences 17.0 (SPSS,
IBM, NY, USA) was used for all analyses. Comparisons
between groups were performed by Student’s #-test, and data
with unequal variance were compared with the Mann—Whit-
ney U-test. Two-way ANOVA followed by a Bonferroni
post hoc test was used for multiple comparison correction
of data from more than two groups. Results are presented
as means + SEM, and p <0.05 was considered statistically
significant.

Results

Disruption of Subcortical White Matter
Development in Mice After Irradiation

Myelination was visualized in the hemispheres of the brain
as indicated by MBP staining (Fig. 1a). Subcortical white
matter volume was assessed as the MBP-positive volume,
and the volume was significantly reduced in WT mice
(0.90 +0.04 mm?) after irradiation compared to Azg7 KO
mice (1.14+0.06 mm?) (p=0.037) (Fig. 1b). The irradi-
ated mice also showed significantly shorter myelinated
fibers within the cortex compared to non-irradiated mice
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Fig. 1 Cerebral irradiation
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(Fig. 1c), but Atg7 deficiency protected against the short-
ening of myelinated fibers after irradiation (the mean fiber
length was 296.9 pm in KO mice vs. 194.7 pm in WT mice,
p=0.003, Fig. 1d). Further analysis of the MBP-positive
immunodensity in the myelinated fibers within the cortex
showed that Arg7 deficiency caused less obvious myelin
disruption compared to the WT littermates after irradiation
(Fig. 1e, f) (p=0.016).

Atg7 Deficiency Reduces Irradiation-Induced OPC
Loss

As a marker of OPCs, we used PDGFRa« staining to deter-
mine the extent of irradiation-induced white matter injury
[9]. PDGFRa-positive cells were located mainly in the
subcortical white matter (Fig. 2a), and the numbers of
PDGFRa-positive cells were much lower in both groups of
mice after irradiation (p <0.001). However, there were more
PDGFRa-positive cells in the Azg7 KO mice compared with
WT mice at 5 days after irradiation (p =0.033) (Fig. 2b). We

<1501 wr

100

33
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MBP* immunodensity (%

o
L
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also measured the mRNA expression of oligodendrocyte-
related and myelin-related genes (Fig. 2c). Olig2, Cldnll,
CNP, and MBP mRNA expression was slightly higher in
the Atg7 KO mice compared to WT mice after irradiation,
but there was no significant difference between Azg7 KO
and WT pups.

Microglia Activation and Astrocyte Reactivity After
Irradiation

Microglia activation and astrocyte reactivity are related
to chronic inflammation in the brain, and GFAP-labeled
cells, as an indicator of astrocytes, were observed in
the subcortical white matter (Fig. 3a). The number of
astrocytes was significantly reduced after irradiation,
but there was no significant difference between KO and
WT pups (Fig. 3b). Similarly, Iba-1 labeling, as a marker
of microglia, was also significantly reduced at 5 days
after irradiation but showed no significant difference
between KO and WT pups (Fig. 3¢, d). We measured
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the expression of the microglia-related gene CX3CR1
(Fig. S2a) and the astrocyte-related genes GFAP and
Vimentin (Fig. S2b-2c), and we observed no significant
changes between KO and WT mice. We also measured
the protein levels of IL-1§, IL-2, IL-4, IL-6, IL-10, and
KC in the subcortical white matter and found no differ-
ence at 5 days after irradiation between the Azg7 KO and
WT groups (Fig. 3e).

Irradiation Induces Transcriptome Alterations
in Atg7 KO and WT Mice

To further investigate whether Azg7 KO has an impact on
the mRNA transcriptome under physiological conditions or
after irradiation, the transcriptomic profiles of six Azg7 KO
and WT mouse brain tissue samples from the subcortical
white matter were determined by RNA sequencing. Even
when using the relaxed criterion of p < 0.05, the data showed
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that 2606 of the total of 17,747 genes were differentially
expressed in WT irradiated mice compared to WT non-irra-
diated mice. Among these 2606 genes, 1274 were upreg-
ulated and 1332 were downregulated (Fig. 4a). For Atg7
KO mice, the data analysis showed that 5365 of the total of
20,753 genes were differentially expressed in the irradiated
group compared to the non-irradiated group. Among these
5365 genes, 2916 were upregulated and 2449 were downreg-
ulated (Fig. 4b). To compare the irradiation-induced differ-
entially expressed genes (DEGs) between WT and Arg7 KO
mice, Venn plot analysis was performed, and 1931 DEGs
were found in both WT and Azg7 KO mice after irradia-
tion (Fig. 4c). GO term classification was performed on the
1931 DEGs in three ontologies (molecular biological func-
tion, cellular component, and biological process) (Fig. 4d).
Among the top eight classified GO terms according to the
adjusted p-value, we found that most of the terms were non-
specific, but some of them were related to mitochondria.
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Irradiation Induces Changes in the Expression
of Mitochondria-Related Genes

Previous studies showed that mitochondria-related genes are
more likely to specifically be involved in irradiation-induced
brain injury [14, 15], and 1109 mitochondria-related genes in
both KO and WT mice under physiological conditions or after
irradiation were identified using MITOCARTA 3.0 (Fig. 5a).
For further comparing the mitochondria-related gene expression
between the KO and WT groups after irradiation (W T-irradiated
mice vs KO-irradiated mice), GSEA analysis showed significant
differences (p=0.018) in the DEGs in the GO Mitochondria
gene expression pathway (Fig. 5b). Correlation analysis was
performed for mitochondrial fusion (Mfnl, Mfn2, Opal, and
Opa3) and fission (Drpl, Fisl, Mff, and MiefT)-related genes
and for oligodendrocyte and myelin-related genes (Cldnli 1,
CNP, MBP, Olig2) (Fig. 5¢). The correlation heatmap showed
that the Cldnl 1, CNP, and MBP genes had more negative cor-
relations with mitochondrial fusion and fission genes, while the
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Olig? gene had more positive correlations with mitochondrial
fusion and fission genes.

Effect of Atg7 Deficiency on Mitochondrial Fission
and Fusion After Irradiation

Based on the degree of correlation between mitochondrial
fusion-fission genes and oligodendrocyte-myelin genes, the
expression levels of Opal, Drpl, and Fisl were confirmed
by gqRT-PCR. The expression of Opal, Drpl, and Fisl was
reduced after irradiation, but there were no significant dif-
ferences between KO and WT either under physiological
conditions or after irradiation (Fig. 6a). Western blot was
performed to confirm the protein levels of OPA1, DRPI1,
and FIS1 (Fig. 6b), and the quantitative protein expres-
sion showed that the OPA1 protein level was significantly
reduced in KO mice compared with WT mice in the non-
irradiated groups (p <0.01), while in the irradiated groups,
the OPA1 protein expression was higher in WT mice.
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However, WT mice after irradiation expressed less OPA1 17]. Compared with WT mice, the abundance of P-DRP1 in
protein at 100 kDa and 82 kDa, and a similar level at 75 kDa, = KO mice was significantly decreased under physiological
while KO mice after irradiation expressed less OPA1 protein ~ conditions (p <0.01) but only slightly reduced after irradia-
at 100 kDa, but higher protein levels at 82 kDa and signifi-  tion. Interestingly, the level of P-DRP1 showed no differ-
cantly increased levels at 75 kDa (p =0.047) (Fig. 6¢). ence in WT mice between the non-irradiated group and the

Phosphorylated DRP1 (P-DRP1) at Ser637 by protein  irradiated group but was sharply increased in KO mice after
kinase A has been shown to cause a significant decrease  irradiation (p =0.004) (Fig. 6d). We found no difference in
in GTPase activity and to inhibit mitochondrial fission [16, DRPI, FIS1, or PINKI protein levels (Fig. 6e—g).
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Fig.5 Irradiation induces mitochondria-related gene alterations a
Heatmap showing the overall distribution of 1109 mitochondria-
related genes. b GSEA analysis showed DEGs between WT-irra-
diated mice and KO-irradiated mice in the GO Mitochondrial gene
expression pathway. The top part of each plot shows the enrichment
score that represents running-sum statistics calculated by “walking
down” the ranked list of genes. The middle part shows the position
of a member of a gene set in the ranked list of genes. The bottom part

Mitophagy plays critical roles in mitochondrial biogen-
esis, fusion, fission, and degradation and in removing dam-
aged mitochondrial DNA (mtDNA) in order to maintain
respiratory function. The effect of irradiation on individual
mitochondrial respiratory chain complex (C-I, C-1I, C-III,
C-1V, C-V) subunit expression and mitochondria mem-
brane protein VDACI is shown in Fig. S3a-3c, as well as
the mtDNA copy number changes in Azg7 KO and wildtype
groups at 5 days after irradiation (Fig. S3d).

Discussion

Autophagy is a catabolic process that breaks down and
recycles unnecessary or damaged cellular components,
and it plays essential roles in development and in main-
taining homeostasis in organisms [18]. As a classic

Cldn11 CNP MBP Olig2

depicts the ranking metric that measures a gene’s correlation with a
biological function. ¢ Correlation heatmap for mitochondria fusion
and fission-related genes and oligodendrocyte and myelin-related
genes between WT-irradiated mice and KO-irradiated mice. Some
genes were negatively related and others were positively related as
represented in different colors, with red representing positive corre-
lation and blue representing negative correlation. The number in the
correlation heatmap is the correlation coefficient.

autophagy-related gene, Azg7 is crucial for the assembly
and function of ubiquitin-like conjugates in the expansion
of autophagosomal membranes [19]. Recent studies have
shown that Atg7 is involved in the regulation of a variety of
brain injury animal models [6, 20, 21], suggesting that Atg7
may be a target for therapeutic interventions. The role of
autophagy is quite different between the adult and juvenile
brain. For example, autophagy might have a neuroprotective
effect in the adult brain under conditions of acute neurotox-
icity, traumatic damage and stroke, and neurodegenerative or
aging-related diseases [22-24]. Autophagy-mediated neuro-
toxicity was reported in the neonatal and juvenile brain after
hypoxic-ischemic brain injury or irradiation-induced brain
injury [6, 9]. The impact of autophagy on certain forms of
brain damage varies depending on the type of stress and the
developmental stage of the brain as well as other factors,
and thus the roles and mechanisms of autophagy in the adult
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Fig.6 Effect of Atg7 deficiency on mitochondrial fission and fusion
in the subcortical white matter after irradiation a Bar graphs showing
mRNA expression of Opal, Drpl, and Fisl at 5 days after irradia-
tion. b Representative immunoblots of mitochondrial fusion protein
(OPA1), fission proteins (P-DRP1/DRP1 and Fisl), and mitophagy-

and juvenile brain under different pathophysiological models
remain to be more precisely elucidated.

In our previous studies, we demonstrated that selective
Atg7 deletion prevents irradiation-induced caspase-3 acti-
vation, microglia activation, and inflammation and reduces
irradiation-induced neural stem and progenitor cell death
during the acute injury phase [10]. We also showed that
selective inhibition of autophagy in neural cells reduces irra-
diation-induced subacute cerebellar white matter injury by
decreasing OPC loss [9]. However, the mechanism through
which autophagy deficiency prevents white matter injury
after irradiation in the subacute injury phase is still unclear,
and further research is needed. In this study, we showed

@ Springer

related protein PINK1 in WT and KO mice under physiological con-
ditions and after irradiation. c—g Quantification of OPA1, P-DRP1,
DRPI, FIS1, and PINKI1. n=>5/group for qRT-PCR, n=6/group for
immunoblotting. *p <0.05, **p <0.01.

that inhibition of autophagy reduces irradiation-induced
subacute subcortical white matter injury not by reducing
inflammation, but by increasing mitochondrial fusion and
inhibiting mitochondrial fission.

Irradiation-induced brain injury is characterized by
massive neural stem cell death followed by changes in cell
metabolism, the cellular microenvironment, cell prolifera-
tion, and tissue shape as well as long-term cognitive impair-
ments and growth reduction [25]. Studies of brain irradiation
in animals have demonstrated the loss of myelin sheaths with
apparent preservation of axons [26, 27], and this results in
inhibited white matter development after irradiation as indi-
cated by an up to 70% reduction in MBP staining [28]. The
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proliferation and differentiation of OPCs is critical for the
development of oligodendrocytes, and these cells undergo
myelination throughout life, thus making them susceptible
to irradiation insult [29]. OPC loss occurs in the acute phase
after irradiation, and the numbers of OPCs are reduced sig-
nificantly by 2—4 weeks after irradiation, but these numbers
recover by 6 weeks after irradiation [30]. Our previous study
showed that Atg7 deficiency reduced the severity of cerebel-
lar white matter injury at 5 days after irradiation, and in the
present study, we found that deficiency in neural autophagy
also protects against radiation-induced subcortical white
matter injury by preventing OPC loss. In order to clarify the
relationship between inhibition of autophagy and neuroin-
flammation, we analyzed microglia and astrocytes as well as
inflammatory cytokines.

Microglia are the resident phagocytes of the central nerv-
ous system, and they are involved in the maintenance of
brain homeostasis and immune defense [31]. Astrocytes
play important roles in maintaining the homeostasis of ions,
transmitters, water, and blood flow that is critical for the
proper functioning of neural circuits [32]. Microglia acti-
vation and astrocyte reactivity are related to inflammation
in the brain after cerebral insults by causing the release of
inflammatory chemokines and cytokines resulting in long-
lasting chemical inflammatory brain injury [33, 34]. Studies
have shown that pharmacological and starvation modula-
tion of autophagy or knocking out ATG factors can enhance
IL-1p secretion, which is a key pro-inflammatory cytokine
processed by the inflammasome [35-37]. This facilitates
unconventional secretion of the cytosolic cargo and involves
autophagy, and is thus called secretory autophagy, because
unlike proteins endowed with the leader peptides, these pro-
teins cannot enter the conventional secretory pathway nor-
mally operating via the endoplasmic reticulum and the Golgi
apparatus, and this process may also export more complex
cytoplasmic cargo and help excrete particulate substrates
[38]. In our previous study, we showed that proinflamma-
tory cytokine IL-1p was reduced in the Azg7 KO mice after
irradiation at 6 h compared to the WT mice, but there was
no difference between Atg7 KO mice and WT mice under
physiological conditions [10], which indicated that secre-
tory autophagy might not be the main factor behind the
reduced secretion of IL-1f in Azg7 KO mice after irradiation.
In addition, the concept of “secretory autophagy” is still
unclear, and many questions remain to be answered before
we can define secretory autophagy as a specific pathway
[38]. Autophagy has been shown to regulate the severity
of inflammation through several pathways [39]. Normally,
autophagy reduces inflammation by clearing damaged
mitochondria or inflammatory molecules and plays roles
in attenuating excessive inflammatory activity by removing
aggregated inflammasome components [40, 41]. Autophagy
also inhibits inflammatory signal transduction pathways

and influences the secretion of inflammatory cytokines and
chemokines [42-44]. However, due to the heterogeneity
of experimental factors (including the type, intensity, and
duration of different stress stimuli and the sex and develop-
mental stage of the animal, among others), autophagy has
quite different effects on stress-induced inflammation [24].
Thus, it is important to investigate the relationship between
autophagy and inflammation, which needs to be considered
according to the specific experimental model and the type
of stress and other factors. In the current mouse model,
we found that microglia and astrocytes do not play a key
role in irradiation-induced subcortical white-matter injury
as indicated by cell markers and cytokines and chemokine
levels, and this might be related to the time point when the
blood-brain barrier (BBB) was disrupted after irradiation. In
a juvenile mouse model study, the mice were given a single
dose of 8 Gy irradiation, and the authors found no evidence
that the BBB was damaged at 6 h, 24 h, or 7 days after irra-
diation [45]. In another study that reported on young mice
receiving low to medium doses of irradiation, they showed
that the permeability of the BBB increased significantly after
4 weeks of irradiation [46]. These previous findings provide
evidence that the permeability of the BBB changes with time
after irradiation, indicating that the BBB is relatively intact
at 5 days after irradiation in this current model. Therefore,
the cytokines secreted by peripheral inflammatory cells
might not enter the CNS through the BBB and thus might
not aggravate neuroinflammation.

Studies have suggested that irradiation-induced cognition
dysfunction involves oxidative stress and inflammation, but
the detailed mechanism remains unknown [25, 47]. Hao
et al. found that autophagy could be over-activated in hip-
pocampal neurons, resulting in reduced synaptic plasticity,
and this was related to radiation-induced cognitive impair-
ment [8]. Thus, autophagy might be a possible modulator
for irradiation-induced cognitive dysfunction, although
there is no direct evidence in the literature that inhibition
of autophagy modulates such cognitive dysfunction. How-
ever, because irradiation induces autophagy and alters oxi-
dative stress activity [48, 49], and because oxidative stress
is involved in synaptic dysfunction and cognitive impair-
ment [50, 51], we assume that the regulation of autophagy
will modulate irradiation-induced cognitive dysfunction. Of
course, further research is needed to determine if inhibiting
autophagy has an impact on cognition at longer time points
after irradiation.

To further investigate the mechanism through which Atg7
deficiency prevents subcortical white matter injury, we per-
formed a transcriptome analysis. We originally compared
the DEGs between WT-irradiated mice and KO-irradiated
mice, but there were only a few DEGs between WT-IR and
KO-IR mice (258 DEGs), and the results showed there were
a great amount of DEGs between WT-IR and WT-Sham
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mice (2606 DEGs) or KO-IR and KO-Sham mice (5365
DEGs) (Fig. S4a-4c). The functions of the DEGs between
Atg7 KO-IR and WT-IR mice were predicted using GO and
KEGG analyses (Fig. S4d), which showed that most of the
terms were non-specific pathways. To our understanding,
irradiation-induced brain injury might greatly affect the dif-
ference in DEGs and exceed the difference between WT-
Sham and KO-Sham themselves, leading to some useful
transcriptomic information being lost. Thus, we chose to
show the DEGs between non-irradiated mice and irradiated
mice and identified the co-expressed DEGs and involved
pathways. Previous studies showed that irradiation might
lead to metabolic alterations in mitochondria, and thus
mitochondria-related genes are more likely to be specifi-
cally involved in irradiation-induced brain injury [14, 15].
In addition, mitochondria are dynamic organelles that pro-
duce energy and molecular precursors that are essential for
myelin synthesis, and thus the regulation of mitochondrial
dynamics is likely to be important in the physiology and
pathology of myelinated axons [52]. We therefore analyzed
all of the mitochondria-related genes in the both KO and
WT mice under physiological conditions and after irradia-
tion, and we found that DEGs in the GO Mitochondria gene
expression pathway showed significant differences between
the KO and WT groups after irradiation, and subsequent cor-
relation analysis showed that oligodendrocyte and myelin-
related genes were correlated with mitochondria fusion and
fission genes. These results suggest that mitochondria fusion
and fission might be a crucial target for irradiation-induced
white matter injury.

Mitochondria are dynamic organelles that constantly
change shape as a result of a balance between fusion and
fission, and modulating the balance of mitochondrial fis-
sion—fusion is crucial for maintaining cellular homeostasis
[53]. Irradiation results in nuclear DNA damage, and there
is evidence suggesting that such nuclear damage occurs sec-
ondary to mitochondrial injury [54]. The expression of the
mitochondrial fusion and fission-related genes Opal and
Fisl was searched for in the public database “Mouse Cell
Atlas,” which uses single-cell RNA sequencing to determine
the cell type composition of major mouse organs and con-
structs a basic scheme for the Mouse Cell Atlas (http://bis.
zju.edu.cn/MCA/) [55], and we found that mitochondrial
fusion and fission occur in most cells of central nervous sys-
tem, including neurons, microglia, astrocytes, and oligoden-
drocytes. Among the cell types we searched, mitochondrial
fusion and fission occurred most frequently in oligodendro-
cytes. We do not yet have single-cell RNA sequencing data
for the mice after irradiation, and more experiments need to
be performed on the changes of mitochondrial fusion and
fission levels after irradiation in different types of cells in
the CNS.

@ Springer

Due to the lack of protection by proteins and histones,
mitochondria are very susceptible to irradiation damage
[56]. As a result, compensatory mitochondrial fusion after
low-dose irradiation is needed to remove the dysfunctional
mitochondrial DNA and to maintain respiratory function
[57]. At medium or high-dose irradiation, mitochondrial
fusion usually decreases [58]. Protein kinase A phospho-
rylates DRP1 at Ser637 in the conserved GTPase effector
domain of rodent animals, and this phosphorylation has been
shown to cause a significant decrease in GTPase activity
and to inhibit mitochondrial fission [16, 17]. P-DRP1, as a
marker of inhibited mitochondrial fission, showed the same
tendency as the mitochondria fusion marker OPA1. In this
study, their protein levels dramatically decreased in KO mice
compared with WT mice under physiological conditions,
and the loss of selective autophagy led to decreased mito-
chondria fusion. Although the differences were significant
under physiological conditions, there were no significant
changes under physiological conditions in the myelin sheath
between KO and WT mice as shown in Fig. 1. Interestingly,
the protein levels of P-DRP1 and OPA1 showed no differ-
ences in WT mice between the non-irradiated group and the
irradiated group, but they were significantly increased in the
irradiated KO mice at 5 days after irradiation. We assumed
that autophagy deficiency in the KO mice might reduce
the sensitivity of mitochondria to irradiation by increasing
mitochondrial fusion and inhibiting mitochondrial fission
after irradiation, thus providing more energy and molecular
precursors for myelin synthesis. These results suggest that
autophagy inhibition prevents irradiation-induced subcorti-
cal white matter injury by increasing mitochondrial fusion
and inhibiting mitochondrial fission. MitoQ is a mitochon-
dria-targeted antioxidant that was reported to reduce irra-
diation-induced brain injury in mice and to protected mito-
chondrial respiration after irradiation by altering the level of
mitochondrial fusion and fission [58]. This finding suggests
that autophagy might be a potential therapeutic target by
altering mitochondrial fusion and fission for the treatment
of irradiation-induced brain injury.

Conclusions

In conclusion, selective neural Azg7 KO reduced irradiation-
induced subcortical white matter injury by increasing mito-
chondrial fusion and inhibiting mitochondrial fission in the
juvenile mouse brain. Further studies are needed to clarify
the mechanism behind these effects. Our study suggests that
inhibition of neural autophagy might be a potential thera-
peutic target for irradiation-induced brain injury in children
being treated for malignant brain tumors.
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